(3M4P) and proton donors [1] [2] [3] [4] . Experimental frequency shifts of (C=O), (C=O), (C=O) and (N 1 =C) modes of 3-methyl-4-pyrimidone, which are sensitive to Hbonding, the values of the H-bond interaction energy (ΔE c ) and the internuclear and intermolecular distances computed at the DFT(B3LYP)/6-31+G(d) level of theory have been shown that H-bonds between weak acids such as methanol are formed preferentially at the carbonyl group, whereas for stronger acids such as hydrochloric acid the complexation occurs on the N 1 atom of the ring. In spite of these exciting results, no other, detailed studies on reliable theoretical parameters on the preferred interaction site of the polyfunctional heterocyclic base 3M4P are available in the literature. In order to identify these parameters, it is necessary to widen the range of proton donors complexing 3M4P characterized by different acidic strengths. 1-Naphthol is used here because of its rotameric properties and its possibility to form a complex with a stacking structure supported by Hbonding. Ortho-substituted chlorophenols exhibit relatively strong intramolecular OH … Cl H-bonds, apart from their stacking ability. Therefore, in this case, there is a competition between intramolecular and intermolecular H-bonds in the 3M4P complex that can reduce the stability of the complex. In both cases the prediction of the preferred interaction site due to only the acidity of the proton donor can be modified.
INTRODUCTION
Although H-bonding between weak acids and 3M4P occurs preferentially at the carbonyl group, the most stable configuration still remains unknown. Since the oxygen atom of the carbonyl group of 3M4P has two electronic pairs oriented in the "anti" (H a ) and "syn" (H b ) directions with respect to the N3 atom of the ring (Scheme 1), an H-bond formation with the carbonyl oxygen atom of the 3M4P can take place in both the "anti" H a and "syn" H b configurations, defined by the two electronic pairs of this oxygen atom. theoretical parameters for the preferred interaction site in the 3M4P molecule with a series of proton donors with different proton-donors capabilities, and to predict the most stable configuration of the OH … O=C complexes, formed in most of the cases.
METHODOLOGY
Molecular properties such as geometries, energies and vibrational frequencies of the different monomers and H-bonded complexes were calculated by the Density Functional Theory (DFT) using the hybrid of Becke's non-local three parameter exchange and correlation functional with the Lee-Yang-Parr functional (B3LYP) [5] [6] [7] . DFT methods provide an adequate compromise between the desired chemical accuracy and the computational cost. DFT/B3LYP methods have been demonstrated in former studies to produce quite accurate results for isolated molecules modeling heterocyclic bases [8] [9] [10] [11] [12] [13] [14] . Although it is well established that H-bonding involving nucleic acid bases is not fully correctly described by DFT methods, these methods remain useful. The reason is that interactions due to H-bonding are principally electrostatic and they are reasonably well accounted for by DFT or MP2 methods [15] .
In H-bond studies, the standard 6-31+G(d), 6-31++G(d), 6-31++G(d,p) and 6-311++G(d,p) basis sets have frequently been used [16] [17] [18] [19] . For the molecular orbital expansion we have initially used the 6-31++G(d,p) basis set. The choice of this basis set was based on the consideration that, in order to obtain reliable properties for hydrogen-bonded systems, it is essential to employ basis sets of orbitals which possess sufficient diffuseness and angular flexibility [20] . Since it appeared for methanol and its homo-associates that the calculated values of the electronic energies and vibrational frequencies with the basis set 6-31+G(d) were similar to those with the larger basis set 6-31++G(d,p) [21] , we have only used the former set in the further study.
As has been demonstrated by one of us for larger molecules like as nucleic acid base derivatives, selective frequency scaling allows a reliable assignment of vibrational modes [22] the harmonic DFT frequencies were scaled with variable scaling factors, i.e. 0.95 for ν(X-H), 0.98 for out-of-plane modes and 0.975 for all other modes. The use of different scaling factors for DFT predicted frequencies has been proposed by several authors in the past [23] [24] [25] . The infrared frequencies, intensities, and the zero-point vibrational energy (ZPE) were subsequently computed using the analytical derivatives procedure incorporated in the GAUSSIAN 03 program.
Following these calculations, the total energies E T of the optimized structures were calculated as the sum of the electronic energy E (DFT) and 0.975 ZPE (ZPE determined with the DFT methodology). The H-bond interaction energy of each complex was computed as the difference between the energy of the complex (cluster) and the sum of the energies of the monomer 3M4P and the proton donor. These results were corrected for the basis set superposition error (BSSE) [26] , by recalculating the monomer energies in the basis set of the hetero-dimers using the Boys-Bernardi counterpoise correction [27] .
The corrected H-bond interaction energy of each complex (ΔE c ) was finally computed as:
RESULTS AND DISCUSSION
All structural and energetic parameters for H-bonded complexes between the studied proton donors and 3M4P computed at the DFT(B3LYP)/6-31+ G(d) level are summarized in Tables 1-4. The geometries of the H-bonded clusters are shown in Scheme 2.
Prediction of the Preferred Interaction Site of 3M4P with Different Proton Donors
The analysis of the H-bond interaction energies ΔE c in Tables 1-4 suggests that the complex between 3M4P and the weaker proton donors such as water, methanol, phenol, 1-naphtol, 2,4,5-trichlorophenol and pentachlorophenol, are more stable for about 2.5 to 3.0 kJ·mol -1 when the H-bond interaction takes place on the C=O group rather than the on the N 1 atom of the base. For the complex between 3M4P and stronger acids such as picric acid or hydrochloric acid, the stability is higher when the interaction takes place on the N 1 atom of the base rather than on the carbonyl group.
This stability difference of the complexes is confirmed by internuclear and intermolecular distances r(H … O) and r(O … O) which become shorter when the complex is more stable, i.e. when the H-bond interaction occurs at the C=O group with all proton donors, except for picric acid and hydrochloric acid. The frequency shift of the (C=O) mode of a polyfunctional heterocyclic base such as 3M4P can also be used as an indication on the selectivity of the H-bond interaction in the base. A frequency decrease of (C=O) suggests an interaction on the carbonyle site, whereas a frequency increase suggests a preferential interaction on the N 1 atom of the base. The analysis of the calculated (C=O) values in Tables 1-4 confirms the preference of 3M4P to interact with water, methanol, phenol, 1-naphtol, 2,4,5-trichlorophenol or pentachlorophenol by its C=O function, but with picric acid or hydrochloric acid by its N 1 atom. According to Allen [29] , for the same H-bond enthalpy values, the Δ(OH) value is larger for OH … N than for OH … O=C H-bonds, which is due to a greater charge transfer contribution in OH … N than in OH … O=C bonds. This is illustrated in Figure 1 , which relates (OH) with pKa values of the different proton donors. Thus, a value of the shift (OH) as large as -650 to -700 cm -1 suggests a H-bond interaction on the N atom. For the complexes between 3M4P and picric or hydrochloric acid, the calculated (OH) values of -693 and -772 cm Table 5 appear to be smaller than -100 cm -1 for all complexes of 3M4P at the C=O group, whereas the values are larger than -200 cm -1 for the complexes at the N 1 atom. For the complexes which are more stable when the H-bond interaction takes place on the carbonyl site rather than on the N 1 atom of the base, a plot of (C=O) against pKa of the proton donors is illustrated in Figure  2 . It is observed that the parameter (C=O) increases with increasing acidity of proton donor, until a pKa value of around 6.7 and then decreases with increasing acidity. The sequence of the Δ(C=O) values are: water < methanol < phenol < 1-naphtol < 2,4,5-trichlorophenol > pentachlorophenol. Other parameters, e.g. the shift Δ(OH) and the relative energy between both sites [(ΔE c )] vary in a fairly similar way.
As shown in Figure 2 , the pentachlorophenol which is classified as a strong proton donor by its small pKa value (4.6), has a weak value of Δ(C=O), suggesting a unexpected weaker interaction with 3M4P.
OH … Cl intramolecular and OH … O=C intermolecular H-bonds in the pentachlorophenol-3M4P complex, which reduces the stability of the latter complex. Since the pentachlorophenol is twicely ortho-subsituted with Cl, it is not surprising to observe strong intramolecular OH … Cl H-bonding.
Stability of "anti-O" and "syn-O" Conformations
For the complexes between 3M4P and weak proton donors, which are formed preferentially at the carbonyl group, the comparison of H-bond interaction energies ΔE c in Table 5 illustrates that the "anti-O" complexes are more stable than the "syn-O" complexes. The H-bond interaction energies ΔE c decrease in the order anti-O > syn-O > anti-N. On the other hand, for the complexes between 3M4P and stronger acids such as picric acid or hydrochloric acid the H-bond interaction energies ΔE c decrease in the order anti-O > syn-O > anti-N. For the stronger donors, the polarization of the O-H bond becomes more accentuated and induces a strong electronic repulsion between the proton donor O atom and the N3 atom of the base in the "syn-O" orientation (Scheme 3). This polarization of the O-H bond becomes too small for the weak proton donors, resulting in a negligible electronic repulsion.
In addition to the H-bond interaction energy ΔE c , the shifts of the (C=O) and (OH) modes as well as the internuclear and intermolecular distances r(O … H) and r(O … O) listed in Table 6 confirm the higher energetical stability of the "anti-O" complexes with 3M4P as compared to the "syn-O" complexes. 
CONCLUSION
Theoretical (DFT-B3LYP/6-31+G(d)) calculations were performed to predict the preferred interaction site of the polyfunctional heterocyclic base 3-methyl-4-pyrimidone with proton donors of different acidic strength (water, methanol, phenol, 1-naphtol, 2,4,5-trichlorophenol, pentachlorophenol, picric acid and hydrochloric acid). Special attention has been paid to the H-bond interaction energy (ΔE c ), the internuclear and intermolecular distances, the shifts (C=O) and (OH) and the shift difference parameter [(OH)]. The computational data were proved to be reliable for predicting the preferred interaction site of the 3-methyl-4-pyrimidone molecule with proton donors. The complexes of 3-methyl-4-pyrimidone and water, methanol, phenol, 1-naphtol,2,4,5-trichlorophenol and pentachlorophenol are more stable when the H-bond interaction takes place on the C=O function rather than on the N 1 atom of the base. At the contrary, for the complex between 3-methyl-4-pyrimidone and the stronger acids picric acid and hydrochloric acid, the stability is higher when the interaction takes place on the N(1) atom of the base. For the complexes between weak acids and 3-methyl-4-pyrimidone, which are formed preferentially at the carbonyl group, "anti" and "syn" complexes are possible, since the O atom of the group has two electronic pairs oriented in the directions (H a and H b ) of the N 3 atom of the ring. The H-bond interaction energies ΔE c , the shifts Δ(C=O) and (OH) and the internuclear and intermolecular distances r(O … H) and r(O … O) all suggest a larger stability of the "anti-O" than of the "syn-O" complexes.
